Abnormal activation of CXCR4 during inflammatory/infectious states may lead to neuronal dysfunction or damage. The major goal of this study was to determine the coupling of CXCR4 to p53-dependent survival pathways in primary neurons. Neurons were stimulated with the HIV envelope protein gp120 IIIB or the endogenous CXCR4 agonist, SDF-1A. We found that gp120 stimulates p53 activity and induces expression of the p53 pro-apoptotic target Apaf-1 in cultured neurons. Inhibition of CXCR4 by AMD3100 abrogates the effect of gp120 on both p53 and Apaf-1. Moreover, gp120 neurotoxicity is markedly reduced by the p53-inhibitor, pifithrin-A. The viral protein also regulates p53 phosphorylation and expression of other p53-responsive genes, such as MDM2 and p21. Conversely, SDF-1A, which can promote neuronal survival, increases p53 acetylation and p21 expression in neurons. Thus, the stimulation of different p53 targets could be instrumental in determining the outcome of CXCR4 activation on neuronal survival in neuroinflammatory disorders. D
Introduction
The chemokine receptor CXCR4 and its ligand SDF-1a are constitutively expressed in the brain and play essential roles in the development and function of the CNS (Lazarini et al., 2003; Klein and Rubin, 2004) . The role of CXCR4 in neuroinflammatory disorders is gradually getting clearer as it is over-expressed in various neurodegenerative diseases, including neuroAIDS (Glabinski et al., 2000; Petito et al., 2001; Martinez-Caceres et al., 2002 )-a progressive neurodegenerative condition that is caused by neuronal damage/death in specific CNS areas (GonzalezScarano and Martin-Garcia, 2005) . Host and viral factors are implicated in HIV-1 neurotoxicity (Kaul et al., 2001; Power et al., 2002; Xu et al., 2004) . The role of CXCR4 in AIDS neuropathogenesis is still unclear and may include effects on neuronal and non-neuronal cells secondarily related to the infection process. (Gonzalez-Scarano and Martin-Garcia, 2005) . SDF-1a expression is up-regulated in the basal ganglia of advanced AIDS patients (Rostasy et al., 2003) and HIV-induced cleavage of SDF-1a, which impairs the interaction of the chemokine with CXCR4, has been suggested as a potential mechanism for neurodegeneration . Increased incidence of CXCR4-using strains of HIV-1 has been observed in AIDS patients at the later stages of disease, when neuronal damage is usually more pronounced (Clapham and McKnight, 2001) .
The HIV envelope protein gp120 initiates the viral fusion to target cells via its binding to a chemokine receptor and to CD4. CXCR4 along with CCR5 serves as a major co-receptor for the HIV-1 (Bleul et al., 1996; Oberlin et al., 1996) . Neurons and glia from different species express chemokine receptors, including CXCR4 and CCR5, and their interaction with gp120 can induce a pro-apoptotic cascade of signaling events leading to neuronal loss (Meucci and Miller, 1996; Meucci et al., 1998; Kaul and Lipton, 1999; Ohagen et al., 1999) . Hence, the activation of chemokine receptors by gp120 could be an important factor in AIDS-related neuroencephalopathy (Nath, 2002) . Furthermore, the study of gp120/CXCR4 interactions may provide important hints about the coupling of CXCR4 to neurodegenerative pathways (Bodner et al., 2003; Khan et al., 2004) . Several studies with rodent or human cultures have shown that the interaction of gp120 with neuronal and glia chemokine receptors results in neuronal death, but the mechanisms of gp120 neurotoxicity are still unclear. For instance, activation of glutamate receptors, of caspase 3, and sphingolipid pathways have all been suggested to play a role in neuroAIDS (Bezzi et al., 2001; Kaul et al., 2001; Jana and Pahan, 2004) .
HIV neuropathogenesis might also involve the activity of cell cycle proteins (Khan et al., 2003) , such as the transcription factor p53 (Garden et al., 2004) . This nuclear protein is well-known for its ability to induce cell cycle arrest and/or apoptosis in cells undergoing various types of stresses (Haupt et al., 2003) . Also, p53 regulates neuronal apoptosis in physiological and pathological situations and has been shown to be up-regulated in vivo in various neurodegenerative disorders (Morrison et al., 2003; Silva et al., 2003) . Furthermore, increased expression of p53 has been detected in both neurons and glia in the brains of AIDS patients with dementia and gp120 neurotoxicity is reduced in cultures from p53-deficient mice (Garden et al., 2004) . These findings suggest that transcriptional activation of p53 may result in the expression of apoptotic genes leading to neuronal death. However, it is not clear whether this is a direct effect on neurons and whether it is mediated by CXCR4.
In the present study, we have used the bilaminar cell culture system (where pure populations of neurons are co-cultured with a glial feeder layer that supports their growth and differentiation) in order to further characterize the coupling of CXCR4 to survival pathways. Our major goal was to identify the role of CXCR4 in stimulating p53-dependent pathways in neurons. We particularly focused on p53 responsive pro-apoptotic genes, namely the apoptotic protease activating factor-1 (Apaf-1), which we found to be up-regulated in gp120-treated neurons in a CXCR4-dependent manner and likely involved in CXCR4-mediated cell death.
Results

Involvement of CXCR4 in the up-regulation of p53 by gp120
Stabilization/up-regulation of the p53 protein is an important first step that takes place in neurons under various kinds of toxic insults . Treatment of the bilaminar cortical cultures with gp120 IIIB (200 pM) increased protein level of p53 in Fig. 1 . Effect of gp120 IIIB and SDF-1a on neuronal p53. gp120 IIIB (200 pM) increases total (A) and nuclear (B) protein levels of p53 in primary cortical neurons-as determined by Western blots using polyclonal (A) or monoclonal (B) antibodies against p53. Antibodies against NeuN and actin were used to verify equal protein loading in nuclear and cytosolic extracts, respectively. Treatment with gp120 in panel A lasted 6 h. The graph in panel B reports data from three experiments where neurons were treated with gp120 for 1 to 6 h before collecting nuclear extracts (*P < 0.05 vs. control). Panel C shows the effect of SDF-1a (20 nM, 6 h) on total p53 levels under similar conditions. However, in the absence of all trophic support, i.e. in the absence of glia and glialconditioned medium (D), SDF-1a decreases p53 protein levels in neurons. Under these experimental conditions, which are unfavorable to neuronal survival, an additional band is observed above the normal p53 band. This smaller upper band may represent the level of phosphorylated p53. (E) In a cell line expressing CXCR4 receptor, SDF-1a reduces p53 transcriptional activity as indicated by the luciferase reporter gene assays reported in panel (E); **P < 0.01 vs. control. The data in each graph (mean T SEM) are from 3 independent experiments. neurons (Fig. 1A) , as determined by Western blot analysis. This increase was evident in neuronal nuclei only; there was no detectable p53 in the cytoplasm of both untreated and treated cultures (Fig. 1B) . In contrast to gp120 IIIB , SDF-1a (20 nM) did not increase p53 protein level, even when treatments lasted as long as 6 h (Fig. 1C) . However, in the absence of trophic support, SDF1a treatment reduced neuronal p53 content (Fig. 1D) . Interestingly, SDF-1a reduced transactivation of a p53 luciferase reporter gene in a CXCR4 positive cell line (Fig. 1E) .
To determine the involvement of CXCR4 in the effect of gp120 IIIB on p53 protein level, a specific CXCR4 antagonist, the bicyclam AMD3100, was used (Hatse et al., 2002) . When the neuronal cultures were treated with AMD3100 (100 ng/ml) 15 min before gp120 treatment, gp120-mediated p53 increase was abolished (Fig. 2) . This indicates that p53 up-regulation requires CXCR4 activation by gp120 IIIB . As a first step to investigate whether neuronal p53 increase is due to an interaction of gp120 IIIB with neuronal receptors, we tested the ability of the gp120 to bind to the membrane of live cultured neurons, taking advantage of nanoprobes, which are more stable and sensitive than traditional fluorophores (Bruchez et al., 1998; Larson et al., 2003) . Thus, cortical neurons were incubated with biotin-labeled gp120 IIIB and then stained using streptavidin conjugated to quantum dots nanocrystals. Afterwards, neurons were permeabilized and stained with an antibody against the neuronal marker h tubulin III. Using this protocol, only membrane-bound extracellular gp120 was exposed to the nanoprobes. Concentrations of gp120 IIIB in the picomolar range (i.e. similar to what we had been using for survival and signal transduction assays) were used for these experiments. We found that most neurons bound gp120 IIIB (Fig. 3) .
Next, we asked whether the increase in neuronal p53 protein level was a result of the direct interaction of gp120 IIIB with neurons and removed the glial layer before starting treatments with the gp120. However, removal of the glial feeder layer itself caused upregulation of nuclear p53 protein level (not shown), thus masking gp120 action. Therefore, we focused on direct indicators of p53 transcriptional activity, such as the phosphorylation of its Nterminal domain and the expression of p53 transcriptional targets.
Effect of gp120 and SDF-1a on p53 phosphorylation and expression of p53 transcriptional targets Phosphorylation of p53 at specific residues of its N-terminal domain is crucial to the activity of this transcription factor and inhibits the binding of p53 to its negative regulator MDM2, which is also a transcriptional target of p53 . Serine 15 phosphorylation results in increased p53 activity that leads to neuronal apoptosis (Zhu et al., 2002) . In our bilaminar cell culture system, we observed that gp120 IIIB treatment caused a significant increase in the protein level of phospho-p53 (Ser15) in neuronal extracts, independently of the presence of glia (Figs. 4A , 5B). In addition, the stimulation of p53 phosphorylation was independent of the amount of total p53, as indicated by the low level of phospho-p53 at 6 h of treatment ( Fig. 4A ), when total p53 levels are still high (Fig. 1B) . The viral protein did not affect levels of acetyl-p53 (lysine373 and 382) indicating a specific effect on p53 phosphorylation. Finally, no effect of SDF-1a on phospho-p53 was observed in the same experimental conditions (Fig. 4A ) whereas a 3 h SDF-1a treatment increased acetylated p53 content (Fig. 4A) . Acetylation of p53 enhances its site-specific DNA binding both in vivo and in vitro (Luo et al., 2004) . However, further studies are required to better understand the significance of this effect of SDF.
We then looked at the effect of gp120 IIIB on p53 transcriptional targets and found that gp120 IIIB increased neuronal MDM2 protein level (approximately 2-fold increase at 3 h) (Fig. 4B ). This could reflect the known regulatory feedback between MDM2 and p53 (Li et al., 2003) .
As MDM2 is also one of the major regulator of p53 activity (it promotes p53 degradation and regulates p53 nuclear content) (Li et al., 2003) , we also tested the ability of gp120 IIIB to up-regulate other p53 transcriptional targets that are not directly involved in the regulation of p53, such as the pro-apoptotic protein Apaf-1, a crucial component of the apoptosome complex (Fortin et al., 2001; Ferraro et al., 2003) . gp120 IIIB was able to increase Apaf-1 protein level in neurons (Fig. 5A) . Apaf-1 up-regulation in response to the gp120 treatment was inhibited by AMD3100 (Fig. 5C ), indicating the involvement of CXCR4 in this effect. As previously demonstrated by other groups (Garden et al., 2002) , gp120 also stimulated caspase activity in neurons (Fig. 5D) , which is likely a consequence of the formation of the Apaf-1-mediated apoptosome complex. Indeed, AMD3100 treatment also completely inhibited the increase in cleaved caspase 3 induced by gp120 IIIB in the same Fig. 2 . Increase in neuronal p53 expression by gp120 requires CXCR4 activity. A specific CXCR4 antagonist, AMD3100 (100 ng/ml) completely abolishes the increase in p53 protein levels induced by gp120 IIIB (200 pM, 3 h); this effect was observed with both total (A) and nuclear cell extracts (B) using monoclonal anti-p53. The graph (C) shows the analysis (mean T SEM) of 3 experiments with total cell extracts (**P < 0.01 vs. gp120).
neuronal preparation (Fig. 5D ). In contrast, SDF-1a -which we have previously shown to promote neuronal survival (Meucci et al., 1998; Khan et al., 2003) -did not affect Apaf-1 levels in neurons (Fig. 5A) , but increased the level of p21, another p53 target also regulated by gp120 (Fig. 5E ). SDF-1a also stimulates MDM2 (Khan et al., 2004) . These data suggest that different mechanisms may be involved in regulation of neuronal survival by CXCR4. Thus, the stimulation of different p53 targets may be instrumental in determining the outcome of CXCR4 activation on neuronal survival.
Inhibition of p53 blocks gp120 neurotoxicity
In order to determine whether gp120 neurotoxicity depends on p53 transcriptional activity, cultures were treated with gp120 IIIB in the presence or absence of a synthetic p53 inhibitor, pifithrin-a, which specifically inhibits p53 DNA-binding activity (Komarov et al., 1999; Murphy et al., 2004) . The p53 inhibitor reduced gp120-mediated neuronal death by 50% (Fig. 6A) . However, since pifithrin-a itself is slightly neurotoxic (ref. (Culmsee et al., 2001 (Culmsee et al., , 2003 and data not shown), the actual reduction of cell death by p53 inhibition may even be higher than what we observed. Thus, p53 transcriptional activation/repression may account for most, if not all, gp120-neurotoxicity. In fact, the p53 inhibitor reduced the effect of gp120 IIIB on Apaf-1 protein level as well (Fig. 6B) .
Discussion
The principal finding of this study is that activation of CXCR4 by the HIV-1 envelope protein gp120 IIIB up-regulates the apoptotic protein Apaf-1 in cultured neurons. This effect is mediated by p53 activation. On the other hand, SDF-1a, the natural CXCR4 ligand, does not increase Apaf-1 levels in neurons, but rather regulates other p53 targets. Thus, modulation of specific p53 responsive genes may determine the final outcome of CXCR4 activation on neuronal survival in neuroinflammatory disorders.
In fact, evidence has been mounting regarding the involvement of p53 in HIV-induced apoptosis. For instance, cell lines expressing lymphotropic HIV-1 envelope protein (Env) were found to undergo apoptosis via syncytial formation when cultured with lymphocytes expressing CD4/CXCR4 Roumier et al., 2003) . This process involves the transcriptional activation of p53, up-regulation of certain p53 responsive genes, like BAX and PUMA, as well as mitochondrial membrane permeabilization (Castedo et al., 2002 Roumier et al., 2003; Perfettini et al., 2004) . Other studies have shown that antisense oligonucleotides against p53 inhibit gp120-induced apoptosis of human neuroblastoma cells whereas gp120 neurotoxicity is reduced in cortical cultures from p53-deficient mice (Yeung et al., 1998; Garden et al., 2004) . Thus, it is likely that p53 activation is involved in the neuronal damage caused by HIV in vivo-a hypothesis supported by the up-regulation of p53 in brains of HIV demented patients Garden et al., 2004) .
Although p53 is a well-known inducer of neuronal and nonneuronal apoptosis, the mechanisms involved are still a matter of debate. While initially identified exclusively as a transactivator, recent studies indicate that p53 is a multifunctional protein and it can induce apoptosis by different mechanisms (i.e. which may or may not require transactivation) (Haupt et al., 2003) . In postmitotic neurons, p53 transcriptional activity has been reported to be essential for the induction of p53-mediated cell death (Fortin et al., 2001; Cregan et al., 2004) . This is in agreement with our results and underscores the relevance of Apaf-1 as a potential mediator of HIV-induced neuronal injury in vivo. Interestingly, Apaf-1 is one of the p53 responsive genes regulated by either one of the two transactivation domains of p53 and whose expression is remarkably increased in neurons carrying p53 mutants lacking the Mdm2 binding domain (Cregan et al., 2004) . Fig. 3 . Binding of gp120 to primary cortical neurons. Pure cultures of rat cortical neurons (7 DIV) were incubated with either labeled gp120 IIIB (400 pM) or with vehicle (in control cells), fixed and then stained with nanoprobes (Q-Dots). Neurons that bind gp120 appear in red. Hoechst 33342 (blue) was used for nuclear staining and h tubulin III immunostaining was used as a neuronal marker (green). Neurons were permeabilized (in order to perform the staining for the neuronal marker) after treatment with the nanoprobes. Therefore, only the gp120 bound to the plasma membrane was detected. Panel A shows both control and gp120-treated neurons, while in panel B enlarged images of gp120-treated cells are reported. The scale bar represents 20 Am.
The presence of glia, particularly microglia, plays a major role in gp120 neurotoxicity in vitro, though the viral protein is also known to affect neuronal survival directly (Gonzalez-Scarano and Martin-Garcia, 2005). We found a consistent increase in p53 phosphorylation in neurons treated with gp120 either in the absence or in the presence of glia. However, glia is necessary for gp120 to induce Apaf-1 expression in neurons as no changes in Apaf-1 were observed in the absence of glia. Therefore, the direct effect of gp120 on neurons could involve different mechanisms, such as p53-dependent transcriptional repression of pro-survival genes like Bcl-2 (Ho and Benchimol, 2003) , which prevents HIVinduced neurotoxicity in vitro . Interestingly, the presence of glia also affects SDF-1a-mediated regulation of p53 (Figs. 1D, 5E ), which argues for the importance of neuronal -glial interactions in CXCR4 regulation of neuronal survival.
Active p53 increases expression of several pro-apoptotic genes, including Bax, Apaf-1, NOXA, and PUMA among others that are mainly responsible for neuronal apoptosis via the intrinsic pathway involving mitochondrial dysfunction (Cregan et al., 1999 (Cregan et al., , 2002 (Cregan et al., , 2004 . Expression of Apaf-1 is of particular interest as it has been shown to be involved in making a polyprotein complex with cytochrome c and ATP/dATP, known as apoptosome (Ferraro et al., 2003) . The apoptosome binds pro-caspase 9, which cleaves itself to convert to an activated form. Active caspase 9 would catalytically activate executioner caspases, like caspase 3 and caspase 7. Presence of active caspase 3 in neurons has been observed in the brains of patients with HIV dementia as well as in mixed cultures of neurons and glia treated with gp120 (Garden et al., 2002) . In this study, gp120 increased the levels of both Apaf-1 and activated caspase 3 in neurons and these effects were abrogated by the pretreatment of cultures with AMD3100, a CXCR4 antagonist. Moreover, gp120-mediated neurotoxicity as well as increase in Apaf-1 protein levels were reduced by the p53 inhibitor, pifithrina. This p53 inhibitor has been reported to block binding of p53 to DNA, which would interfere with both transactivation and transrepression (Komarov et al., 1999; Murphy et al., 2004) .
In summary, in line with the recently proposed role of CXCR4 in neuronal survival and differentiation (Klein and Rubin, 2004) , SDF-1a and gp120 IIIB controlled p53 activity in a glia-dependent manner. The HIV-1 protein stimulated p53 expression and phosphorylation, which resulted in elevated transcriptional activity of known apoptotic genes, in contrast to SDF-1a that preferentially regulates pro-survival genes. This supports previous observations on the ability of SDF-1a to promote neuronal survival under various conditions (Meucci et al., 1998; Chalasani et al., 2003; Khan et al., 2003) . Indeed, SDF-1a stimulates Akt phosphorylation and promotes nuclear translocation of anti-apoptotic proteins regulated by Akt, while gp120 IIIB is unable to activate Akt (despite its effects on other CXCR4-mediated signaling pathways) (Khan et al., 2004) . Finally, the two CXCR4 ligands exert different effects on other cell cycle proteins that are known to interact with p53, namely the retinoblastoma protein Rb, and one of its major targets, the transcription factor E2F-1, which indirectly stabilizes p53 (Khan et al., 2003) . Based on our current evidence, the opposite action of SDF and gp120 on the Rb/E2F pathway (and possibly p53) may be related to the different involvement of Akt.
In conclusion, p53 activity might be a crucial factor in HIV neuropathogenesis as it represents a converging point of many survival pathways known to be altered in neuroAIDS. Further understanding of the molecular and cellular mechanisms involved in p53 activation and characterization of the full array of p53 downstream targets in neurons would be of utmost importance to develop appropriate therapeutic measures against neuroinflammatory/neurodegenerative disorders and to elucidate the physiological roles of CXCR4 in the CNS.
Experimental methods
Cell cultures Neurons
Cortical neurons were obtained from the brains of 17 -18 day old rat embryos and cultured in serum-free medium using a bilaminar cell culture system, as previously reported for hippocampal neurons (originally described by Banker and Cowan (1977) and modified as in: (Meucci and Miller, 1996; Meucci et al., 1998 Meucci et al., , 2000 . Briefly, neurons are co-cultured with a feeder layer of Fig. 4 . Effect of gp120 on p53 phosphorylation and MDM2 expression. Immunoblots with antibodies that selectively recognize p53 protein phosphorylated on Serine 15 (A, top gel) indicate that gp120 (200 pM) treatment increased p53 phosphorylation in neurons, while SDF-1a (20 nM) did not affect p53 phosphorylation. In the same samples, SDF-1a stimulates acetylation of p53 (A, bottom gel) that was detected with an antibody against the acetylated p53 (Lysine 373/382). Western blot analysis also shows that MDM2 is up-regulated in total neuronal extracts after a 3 h gp120 treatment (B). A monoclonal antibody against the region between the amino acids 154 -167 of the MDM2 protein was used here. The bar graph reports the densitometry analysis from three separate experiments (*P < 0.05).
secondary astrocytes that supports the growth and differentiation of the pure neuronal layer. The secondary glia culture is prepared 2 days before the neuronal primary culture by plating glia on handmade plastic ''coverslips'' (¨60 mm in diameter; 5 to 7 Â 10 5 cells/each). Cells are maintained in DMEM-10%FBS until the day of the neuronal preparation. The glial coverslips are moved to the dishes containing the neurons 4 h after neuronal plating (1 Â 10 6 / dish). At this time, the culture medium is replaced with serum-free high-glucose DMEM containing N2.1 supplement (GIBCO). Neurons were separated from glia immediately before the protein extraction, unless otherwise specified.
HOS cells
HOS.CXCR4 cells were maintained in DMEM containing 10% fetal calf serum and 1 Ag/ml puromycin. These cells were obtained through the AIDS Research and Reference Program, Division of AIDS, NIAID, NIH (from Dr. Nathaniel Landau) and are CD4 negative (Landau and Littman, 1992; Deng et al., 1996) .
Western blots
After treatments cells were washed with ice-cold balanced salt solution and scraped in lysis buffer [25 mM Tris/150 mM NaCl/5 No effect of gp120 on Apaf-1 was observed in the absence of glia using the same antibody (B). However, the Western blot analyses showed that Apaf-1 up-regulation by gp120 is blocked by the CXCR4 antagonist AMD3100 (100 ng/ml) (C). Treatment with AMD3100 also inhibits the increase in the level of active caspase 3 induced by gp120 (D), as assessed by immunoblots with antibodies against the cleaved (i.e. active) form of caspase 3. Both gp120 and SDF-1a (20 nM) increase p21 protein levels in neuronal protein extracts (E). Fig. 6 . Inhibition of p53 transcriptional activity reduces gp120 neurotoxicity. The small molecule p53 inhibitor, pifithrin-a (PFT), reduces gp120-induced neuronal death (*P < 0.001 vs. gp120) (A). PFT pretreatment (100 nM) also reduces gp120-induced Apaf-1 up-regulation in neurons as determined by Western blot (B).
mM NaF/1 mM EDTA/1 mM DTT/1% Nonidet P-40/5Ag each of aprotinin, leupeptin, and pepstatin/1 mM 4-(2-aminoethyl)benzeresulfonyl fluorideHCE (AEBSF)/1 mM vanadate]. A lower concentration of detergent (0.1%) was used for the extraction of cytosolic proteins when they had to be separated from nuclear proteins, and the pellet was further processed with a hyper-osmotic buffer as previously described (Meucci et al., 1998 (Meucci et al., , 2000 . Unless indicated in the figure, total cell lysates were used for Western blots. The protein concentration in cell lysates was determined by bicinchoninic acid protein assay from Pierce. Proteins were resolved by SDS-PAGE and transferred to PVDF membranes for immunoblotting. The following primary antibodies were used: anti-p53 (either a polyclonal from Cell Signaling Technology at 1:2000 or a monoclonal from BD-Biosciences at 1:1000), antiphospho p53 (serine 15, 1:1000, Cell Signaling Technology), antiacetylated p53 (lysine 373 and 382, 1:1000, Upstate Biotechnology), anti-MDM2 (SMP14, 1:2000, Santa Cruz Biotechnology), anti-p21 (a monoclonal from BD-Pharmingen at 1:500), anticleaved caspase 3 (a polyclonal from Cell Signaling Technology at 1:1000) and anti-Apaf-1 (a polyclonal from Cell Signaling Technology at 1:1000). Anti-actin (a polyclonal from Sigma at 1:5000) and anti-NeuN (a monoclonal from Chemicon, at 1:1000) were used to check equal protein loading and as cytoplasmic and nuclear markers, respectively. An image acquisition and analysis system, ChemiDoc System (BioRad) as well as the Un-Scan-It software (Silk Scientific) were used for detection of chemiluminescent bands and densitometric analysis. The intensity of the bands reported in each figure shows the relative level of a specific protein as indicated in the figure legend. Generally, only one band in the expected molecular range of the target protein is detected. In a few cases, additional bands close to the main band are reported, which may represent post-translational modifications of the target protein (i.e. phosphorylation). Only the main band is used for the densitometry analysis.
Immunocytochemistry
For gp120 binding experiments, live neurons were treated with biotinylated gp120 IIIB (400 pM) for 30 min or overnight, fixed and stained with streptavidin conjugated with Qdot 605 (at 1:250, from Quantum Dot Corp.). Cells were then permeabilized with Triton X-100 in order to stain for a specific neuronal marker, h tubulin III (using a monoclonal antibody at 1:500, from Covance Inc.). A secondary antibody conjugated to Cy2 (at 1:500, from Jackson Immunoresearch Labs) was used for h tubulin III staining. Nuclear counterstaining was obtained with Hoechst 33342 (3 Ag/ml). The cells were mounted on a glass slide and observed under an epifluorescent microscope (Olympus IX70) connected to a CCD camera (Micromax), and images were acquired using the software Metamorph (Universal Imaging).
p53 reporter gene assay
Path Detect
\ p53 cis reporting system (Stratagene) was used along with the Bright-Gloi Luciferase assay system (Promega) to detect p53 transcriptional activity in accordance with the manufacturers' protocols. The sequence of the p53-binding enhancer element in the cis-reporter plasmid is as follows; (TGCCTGGACTTGCCTGG) 14 .
A plasmid expressing the green fluorescent protein (pEGFP-N1, Clontech, BD Biosciences) was used to estimate transfection efficiency in the different groups. The plasmids were transfected into the cells using the standard calcium phosphate method.
Survival assay
Neuronal survival studies were performed as previously described using Hoechst 33342 and an antibody against cleaved caspase 3 ( Meucci and Miller, 1996; Meucci et al., 1998 Meucci et al., , 2000 . In order to inhibit endogenous p53, the cultures were treated with pifithrin-a (100 nM or 1 AM) 1 h prior to gp120 treatment (200 pM). Neuronal viability was assessed 18 -24 h later.
Statistical analysis
Data are reported as mean T SEM with sample size for each experiment. Each experiment has been repeated at least two more times. One-way ANOVA, followed by Newman -Keuls multiple comparison procedure, has been used for analysis of survival experiments. Paired t test has been used to compare differences in the band densities of immunoblots. Analysis of immunostaining has been performed using the software Metamorph (Universal Imaging).
Materials
Unless otherwise specified, tissue culture media are from Gibco-Invitrogen and other general reagents are from Sigma. SDF-1a was purchased from R&D System. The lyophilized protein was reconstituted (100 Ag/ml) in 0.1% BSA/PBS and aliquots stored at À20-C. Recombinant HIV-1 gp120 IIIB (both unlabelled and biotinylated from ImmunoDiagnostics, Inc.) was diluted and stored as previously described (Meucci et al., 1998 (Meucci et al., , 2000 . AMD3100 and pifithrin-a (cyclic) were obtained from Sigma and dissolved in sterile water and DMSO, respectively.
